REPORT DOCUMENTATION PAGE A LA

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information,
including suggestions for reducing this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis
Highway, Suite 1204, Arlington, VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a
collection of information if it does not display a currently valid OMB control number. PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - To)
10-08-2011 Conference Paper

4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER
Demonstration of Laser-Induced Fluorescence on Krypton Hall Effect 5b. GRANT NUMBER

Thruster 5c. PROGRAM ELEMENT NUMBER
6. AUTHOR(S) 5d. PROJECT NUMBER

William A. Hargus Jr., Gregory X. Azarnia, and Michael R. Nakles

5f. WORK UNIT NUMBER
33SP0706

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
REPORT NUMBER

Air Force Research Laboratory (AFMC)
AFRL/RZSS AFRL-RZ-ED-TP-2011-345
1 Ara Road

Edwards AFB CA 93524-7013

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR'S
ACRONYM(S)

Air Force Research Laboratory (AFMC)

AFRL/RZS 11. SPONSOR/MONITOR'’S
5 Pollux Drive NUMBER(S)
Edwards AFB CA 93524-7048 AFRL-RZ-ED- TP-2011-345

12. DISTRIBUTION / AVAILABILITY STATEMENT

Approved for public release; distribution unlimited (PA #11605).

13. SUPPLEMENTARY NOTES
For presentation at the 32" International Electric Propulsion Conference, Wiesbaden, Germany, 11-15 Sep 2011.

14. ABSTRACT

There is growing interest within the electrostatic propulsion community for the use of krypton as a propellant. It is a lower cost
replacement for xenon, and is especially of interest for potentially very large solar electric transfer vehicles that may potentially
strain xenon production capability. Understanding the subtleties of changing the propellant requires the development of new
diagnostic capabilities that can probe thruster krypton propellant acceleration with the minimum disturbance to the overall
propellant stream similar to those already developed for xenon. This study presents the application of laser- induced fluorescence
as a plasma diagnostic technique for singly ionized krypton. Using the 728.98 nm 5d*D-,,-5p*P° s, Kr 1l transition, we
successfully measured ion velocities in the near-plume and within the acceleration channel of a laboratory model, low power Hall
effect thruster. A preliminary comparison to previous xenon ion laser-induced fluorescence measurements of the same thruster
indicate substantially narrowed fluorescence lineshapes, presumed to be due to decreases in plasma turbulence of the krypton
operation compared to xenon. However, overall propellant energy deposition and effective electric fields calculated from the bulk
ion velocities were remarkably similar.

15. SUBJECT TERMS

16. SECURITY CLASSIFICATION OF: 17. LIMITATION 18. NUMBER | 19a. NAME OF RESPONSIBLE
OF ABSTRACT OF PAGES PERSON
Dr. William A. Hargus, Jr.
a. REPORT b. ABSTRACT C. THIS PAGE 19b. TELEPHONE NUMBER
SAR 13 (include area code)
Unclassified Unclassified Unclassified N/A

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std. 239.18




Demonstration of Laser-Induced Fluorescence

on a Krypton Hall Effect Thruster

William A. Hargus, Jr.*
Gregory M. Azarnial
Michael R. Nakles*
Air Force Research Laboratory, Edwards Air Force Base, CA 9352/

There is growing interest within the electrostatic propulsion community for the use of
krypton as a propellant. It is a lower cost replacement for xenon, and is especially of in-
terest for potentially very large solar electric transfer vehicles that may potentially strain
xenon production capability. Understanding the subtleties of changing the propellant
requires the development of new diagnostic capabilities that can probe thruster krypton
propellant acceleration with the minimum disturbance to the overall propellant stream
similar to those already developed for xenon. This study presents the application of laser-
induced fluorescence as a plasma diagnostic technique for singly ionized krypton. Using
the 728.98 nm 5d4D7/275p4P§/2 Kr II transition, we successfully measured ion velocities
in the near—plume and within the acceleration channel of a laboratory model, low power
Hall effect thruster. A preliminary comparison to previous xenon ion laser-induced fluo-
rescence measurements of the same thruster indicate substantially narrowed fluorescence
lineshapes, presumed to be due to decreases in plasma turbulence of the krypton oper-
ation compared to xenon. However, overall propellant energy deposition and effective

electric fields calculated from the bulk ion velocities were remarkably similar.

Introduction

T present, xenon (Xe) is the propellant of choice

for most electrostatic plasma thrusters including
Hall effect thrusters. The selection of xenon is due
to a number of rigorous engineering rationale. These
include the high mass (131 amu) and relatively low
ionization potential (12.1 eV) of xenon; as well as the
inert nature of xenon, which eliminates much of the
controversy that plagued early electrostatic propulsion
efforts when mercury (Hg) and cesium (Cs) were the
propellants of choice.! Although xenon is a noble gas,
it is the heaviest, and due to its non-ideal gas behav-
ior, it is possible to pressurize and store with room
temperature specific densities approaching 1.6.23 As
such, it may be stored at higher densities than that of
the most common liquid monopropellant, hydrazine,
which as a specific gravity of approximately 1.

While xenon may remain an ideal propellant for
electrostatic thrusters such as Hall effect thrusters,
there are several concerns that have driven the Hall
effect thruster community to explore alternative pro-
pellants. As orbit raising missions of longer duration
and larger payloads are proposed, requisite propel-
lant mass increases dramatically. Xenon production
is a byproduct of the fractional distillation of atmo-
spheric gases for use primarily by the steel industry.
Due to the low concentration of xenon in the at-
mosphere (~90 ppb), worldwide production is only
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approximately 6,000 standard cubic meters per year.
Increasing industrial demand for items such as high ef-
ficiency lighting and windows, as well as plasma based
micro-fabrication, has produced wide price swings in
the past decade. Xenon prices have varied by as much
as factor of ten in the past four years alone.

For missions that can benefit from higher specific
impulse, krypton may have benefits beyond its lower
cost. Krypton has a lower atomic mass (83.8 amu),
but a slightly higher ionization potential (14.0 eV)
than xenon. Like xenon, krypton is a noble gas and
could be easily integrated into existing Hall effect
thruster propellant management systems without
much modification. The similar ionization potential
should not dramatically affect Hall effect thruster
efficiency, and the lower atomic mass could produce
a 25% increase in specific impulse. The increase in
specific impulse may be useful for missions such as
station-keeping where increased specific impulse is
advantageous. For missions such as orbit raising,
increasing the specific impulse may increase trip time
due to power limitations. However as solar electric
power system specific power decreases, increasing
the specific impulse of the propulsion system can
maintain trip time while reducing total system mass.
Krypton is approximately 10X more common in the
atmosphere (and hence in production) than xenon,
and when accounting for mass is approximately 6x
less expensive. Table 1 summarizes the properties of
xenon and krypton.?

In order to assess whether the potential advantages
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Table 1 Comparison of xenon and krypton prop-
erties critical for electrostatic propulsion.?

Property Units Xe Kr
Atomic Mass amu 131.3 83.8
1%t Tonization Energy eV 121 14.0
274 Tonization Energy eV 21 24
374 Tonization Energy eV 32 37
Atmospheric Concentration  ppb 87 1000
Stable Isotopes 9 6
0Odd Isotopes 2 1
Critical Pressure MPa 5.84 5.50
Critical Temperature K 290 209
Boiling Point (1 atm) K 161 120

of krypton propellant can be realized in Hall effect
thrusters and other electrostatic thruster types, ex-
perimental measurements of these plasmas must be
obtained, both to determine relative figures of func-
tional merit and for numerical simulation validation
for increased fundamental understanding of subtle pro-
pellant effects. Many diagnostics previously developed
for xenon plasmas can be applied with little modifica-
tion. These include critical performance measures (e.g.
thrust measurements using inverted pendulum thrust
stands) and most electrostatic probes for far—plume
characterization (e.g. Faraday probes for ion flux mea-
surements, retarding potential analyzers for ion energy
distributions, etc.). However, optical measurements
such as laser-induced fluorescence, which can provide
spatially resolved velocity distribution measurements,
are species dependent and require significant retooling
when applied to new propellants. This work examines
theoretical development and first time application of
laser-induced fluorescence of a krypton ion transition
both within the acceleration channel and near—plume
of a plasma thruster.

Laser-Induced Fluorescence

Laser-induced fluorescence (LIF) may be used to de-
tect velocity—induced shifts in the spectral absorption
of various plasma species. The fluorescence is moni-
tored as a continuous-wave laser is tuned in frequency
over the transition of interest, of energy hryo, where
h is Plank’s constant, vq5 is wavenumber of transition
between lower state 1 and higher energy state 2. Note
that state 1 may be the ground state, but any suffi-
ciently highly populated excited state will do. In this
work, we have chosen to examine a metastable state
to ensure highest signal levels. Measurements can be
made with high spatial resolution, determined by the
intersection of the probe laser beam with the fluores-
cence optical collection volume.

Velocity measurements may be made using LIF ve-
locimetry as an atom, or as in our case an ion, moving
with a velocity component u relative to the direction of

2

the incoming laser will absorb photons at a frequency
shifted from that of stationary absorbers due to the
Doppler effect. The magnitude of this frequency shift
(51/12 is

(1)
The measured fluorescence lineshape is determined by
the environment of the absorbing ion population, so an
accurate measurement of the lineshape function may
lead to the determination of a number of plasma pa-
rameters beyond simple bulk velocities. The precision
of measured velocities has been found, in various stud-
ies, to be less than the experimental uncertainty for the
ions (4500 m/s).46

LIF is a convenient diagnostic for the investiga-
tion of ion velocities in a plasma thruster as it does
not, physically perturb the discharge. The LIF signal
is a convolution of the velocity distribution function
(VDF), transition lineshape, and laser beam frequency
profile. Determination of the VDF from LIF data
only requires the deconvolution of the transition line-
shape and laser beam profile from the raw LIF signal
trace. Alternatively, the lineshape itself may also pro-
vide valuable information on the state of the plasma,
such as electron density, pressure, or heavy species
temperature. In the somewhat turbulent plasmas typ-
ical of Hall effect thrusters, the fluorescence lineshape
can also be indicative of the relative motion of the
ionization zone as it axially traverses in the periodic
breathing mode plasma fluctuation.”® However, care
must be taken to ensure that the relative effects of
these phenomena are separable. In addition, magnetic
(Zeeman effect) and electric (Stark effect) fields may
also influence the fluorescence lineshape® and must be
accounted for when analyzing the lineshapes should
the fields be of sufficient magnitude. In the case of
LIF of ions in a Hall effect thruster, the fluorescence
lineshape appears to be most indicative of the afore-
mentioned plasma turbulence including periodicity in
the positions of the ionization zone within the acceler-
ation channel.

u
5V12 = —UV12.
Cc

Krypton Ion Spectroscopy
Hyperfine Effects

Of the 31 known isotopes of Kr, only six have at-
mospheric concentrations greater than 0.3%. Of these
six isotopes between 78 amu and 86 amu, only one,
83Kr has an odd number of neutrons (recall that kryp-
ton’s atomic number is 36).2 This is important in the
high resolution analysis of atomic spectra since each
will have a slight difference in their electron transi-
tion energies due to their differences in nuclear mass.
This effect has been described in detail previously for
xenon in the development of Hall thruster laser diag-
nostics® 10

The odd mass isotopes are further spin split due
to nuclear magnetic dipole and electric quadrapole
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Table 2 Naturally Occurring Krypton Isotope

Properties.? 11
Mass (amu) Abundance Nuclear Spin
78 0.35% 0
80 2.27% 0
82 11.56% 0
83 11.55% 3
84 56.90% 0
86 17.37% 0

moments. Nuclei which have an odd number of pro-
tons and/or an odd number of neutrons possess an
intrinsic nuclear spin Ih/2x, where I is integral or half-
integral depending on if the atomic mass is even or
odd, respectively'? and boldface is used to denote vec-
tor quantities. For nuclei with non—zero nuclear spin
(angular momentum, J), the interaction of the nucleus
with the bound electrons lead to the splitting of levels
with J into a number of components, each correspond-
ing to a specific value of the total angular momentum
F =1+ J.13 Asa result of this interaction, F is a con-
served quantity while I and J individually are not. The
interaction is weak, allowing the hyperfine splitting of
each level to be taken independently of the other levels.
The number of nuclear spin split hyperfine components
is2I+1if J >1and 2J+1if J < 1, with F taking on
the values F = J+1,J+1—1,...,|J — I| while satisfy-
ing the selection rules imposed on F', i.e. AF =0,+1,
unless F' = 0, in which case AF # 0.

With these selection rules on the quantum numbers
for a particular electronic transition, and with knowl-
edge of the hyperfine structure constants which char-
acterize the magnetic dipole and electric quadrupole
moments of the nucleus,'? the hyperfine energy shifts
from the position of the energy for the unshifted
level with angular momentum J can be easily cal-
culated.'%  The relative intensities of transitions
between these levels are derived assuming Russel-
Saunders coupling,'* allowing the complete construc-
tion of the fluorescence lineshape. Of course, the
intensities of the isotope shifted transitions are pro-
portional to each isotopes relative abundance.

Two constants are associated with the magnitude
of hyperfine nuclear spin splitting.!> These are the
A hyperfine structure constant which represents the
nuclear magnetic dipole effect on the atom, and the B
hyperfine structure constant which is associated with
the nuclear electric quadrapole moment of the atom
which will only be present if I > 1 . The relative
energy of the spin split states depends on the sign of A .
In atoms with A > 0, the state with the highest value
of F' has the highest energy. While for atoms with A <
0, the state with the lowest value of I has the highest
energy.'* The energy level shift AE); associated with
the magnetic dipole of the nucleus is given by Cowan.!2

3

ABy (F) = %A[F(F+1)J(J+1)I(I+1)] _ gc 2)

Additionally, the energy spacing between successive
levels ' — 1 and F' may be shown to be proportional
to F.

AEy(F) — AEy(F —1) = AF (3)

If I > 1, the nucleus will have an electric quadrapole
moment and a related hyperfine splitting constant B
which produces an additional hyperfine splitting with
energy linear in C'(C'+1) where C is previously defined
in Eqn. 2.

AEr =AEy + AEg (4)

AEp = AC + BI3C(C +1)2I(I +1)J(J +1)]

2 4121 —1)J(2J — 1)

()

Where AFEF is the combined nuclear spin split energy
level shift combining the effect from the nuclear mag-
netic dipole moment AFE); and the effect of the electric
quadrapole moment AFEg.'? It should be noted that
the center of gravity of the hyperfine levels lies at a
position of the unsplit level J.!3

> (2F +1)AEp
F

(6)

Due to close energy spacing of nuclear spin split
levels, near ideal coupling between I and J occurs in
most hyperfine structure. Therefore, the intensity S
rules derived by White for Russel-Saunders coupling
are appropriate for hyperfine splitting.'4

For J—1—J,
F—-1—F:
s—x@+IrV@ED@-D@-1-1)
F — F:
g_ QRFAI+1DN)(QQ-IY W+ DH(W—-I-1)(2F+1)
- F(F+1)
(8)
F+1—F:
S— (W+IY (W +IT-1)(W —T-1)(W —1-2)
- n Fil o
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For J — J,

F—-1—F:
g QAT+ H@Q-DHW+T+1)(W 1)
' (10)
F— F:
o_ WD)+ F(F+1) +I(1+ 1)P(2F +1)
" F(F+1)
(11)
F+1—F:
S =— Q+I+2)(Q—-IT+1D)(W+I)(W—-1-1)
- (F+1)

(12)
Where S is the transition strength and « is an ar-
bitrary constant. The variables @ = J + F and
W = J — F are only introduced to compress the nota-
tion.

The relative intensities of the isotope shifted transi-
tions are proportional to each isotope’s relative abun-
dance. However, the relative intensities of the nuclear
spin split hyperfine splitting are governed by two sum-
mation rules.!® First, the sum of the intensities of
all the lines of the hyperfine structure of a transition
J — J' originating from a component F of the level .J
is proportional to the statistical weight of this compo-
nent, (2F + 1). Second, the sum of the intensities of
all the lines of the hyperfine structure the transition
J — J' ending on the component F’ of the level J’
is proportional to the statistical weight of this compo-
nent, (2F’+1). With these two sum rules, a system of
linear equations are solved for the relative intensities
of the nuclear spin split components of each isotope.

The practical issues associated with hyperfine iso-
topic spin splitting in the measurements of plasma ac-
celeration in the plume and within Hall effect thrusters
are that the even isotopes broaden the line width
to some degree, while the odd isotopes may create
much more complex transition structure in high res-
olution. To some extent, hyperfine spin splitting can
be neglected for some transitions. For example, the
5d[4]7/2 — 6p[3]5/2 spin split electronic transition of
Xe II at 834.72 nm is relatively narrow at approx-
imately 500 MHz and the line structure can be ne-
glected to a large degree in analysis of Hall effect
thruster plasma dynamics.'®'6 However, the Xe I
65[3/2]9 — 6p[3/2]2 transition at 823.18 nm is dramat-
ically broader and visually more complex due to the
spin split odd isotopes.'® Furthermore as the mass of
the atoms of interest is lowered, the energy separation
between the various isotope’s transitions increases as
the fractional changes in nuclear mass increase. As a

4

Table 3 Spin Splitting Constants for the Kr II
5d4D7/275p4P5°/2 transition at 728.98 nm*®'®

Electronic A Coefficient B Coefficient
State MHz MHz
5d4D7/2 -43.513 -294.921
5pt P2, -167.2 +91
Table 4 Isotope Shifts for the Kr II 5d4D7/27

5p* Py, transition at 728.98 nm*?

Isotope Isotope Shift

MHz

78 1185.7

80 768.0

82 372.6

83 175.0

84 0

86 -365.2

result, knowledge of these isotope constants becomes
increasingly important important to adequately inter-
pret the fluorescence spectra.

Kr II Transition at 728.98 nm

The most recent review of Kr II transitions suitable
for diagnostics of plasma thrusters is by Scharfe.!” His
survey of available transitions has identified only a sin-
gle transition where both the isotope and spin split
hyperfine constants are known. The Kr II 5d*D; /2
5p4P5° o transition at 728.98 nm has received the most
study of the several lines identified by Scharfe.

Scholl, et al.'®® measured the lower 5d*D7/ state
A and B spin splitting constants for 33Kr to high ac-
curacy as shown in Table 3. While Schuessler et al.'®
measured the spin splitting constants for the upper
5p4P§/2 state also shown in Table 3. Schuessler et
al. also measured the isotope shifts of the 728.98 nm
5d* D7 /275p4P5° /2 transition as shown in Table 4. From
our research as well as that performed by Scharfe, it
appears that this is the only Kr II transition for which
the hyperfine structure has been fully characterized.

From the 5]94P5°/2 state, there are 6 known tran-
sitions for the fluorescence decay.  Using avail-
able Einstein coefficients for spontaneous emission,
there appears to be a transition, 554P5/275p4Pg’/2, at
473.90 nm with a greater than 80% branching ratio.?°
The resonant fluorescence for the 5d4D7/275p4P§/2
transition appears to be approximately 10%.

Using the information in Tables 3 and 4, the line
structure of the 728.98 nm 5d4D7/275p4P§/2 transi-
tion may be modeled. Again, we assume Doppler
broadening to be the only significant mechanism in
this preliminary analysis.

Figure 1 shows the cold (1 K) transition. As in
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Fig. 1 Cold spectrum (1 K) of the Kr IT 728.98 nm
5d4D7/275p4P§/2 transition.

Fig. 2 Multitemperature spectrum of the Kr II
728.98 nm 5d*D-,»—5p* s/2 transition.

the case of the neutral transition, the higher peaks
represent the even isotopes while the more outlying,
lower magnitude peaks are due to the spin split 33Kr
isotope.

Figure 2 shows the lineshape for a variety of temper-
atures, up to 2900 K, or 0.25 eV. Temperatures above
0.25 eV do not exhibit any visible structure. This up-
per limit was chosen based on previous measurements
which showed that the ion temperatures, as near as
they can be defined, are low as measured in radial
measurements.? In fact, the lineshape in the axial di-
rection actually appears to be dominated by discharge
plasma dynamics and these are reflected in the axial
fluorescence lineshape.'®

It is interesting to note that the isotope shifts are
significant, and as a result, Fig. 2 shows a clear broad-
ening of the line cumulative width relative to a single
component Doppler width due to the isotope shifts.
The difference appears to be a consistent 200 MHz,
and it appears to be nearly constant in the range of
temperatures examined.

5

Fig. 3 Cumulative line width (FWHM) and
Doppler linewidth compared for the Kr II
728.98 nm 5d4D7/2—5p4P§/2 transition.

Apparatus
Vacuum Facility and Thruster

The LIF measurements were performed in Cham-
ber 6 of the Air Force Research Laboratory (AFRL)
Electric Propulsion Laboratory at Edwards AFB, CA.
Chamber 6 is a non-magnetic stainless steel chamber
with a 1.8 m diameter and 3 m length. Pumping is
provided by four single stage cryogenic panels (single
stage cold heads at 25 K) and one 50 cm two stage
cryogenic pump (12 K). This vacuum test chamber has
a measured maximum pumping speed of 36,000 L/s on
xenon. For this set of tests, two of the cold heads were
not operational and the pumping speed is believed to
be approximately 18,000 L/s on krypton.

The Hall thruster used in this study is a low power
laboratory Hall effect thruster which has been de-
scribed elsewhere.® This thruster is designed for oper-
ation on xenon and performance is not characterized
for krypton. Thruster operation for this effort con-
sisted of a single stable condition shown on Table 5.
Compared to operation on xenon, krypton operation
was unstable at higher magnetic field strengths and
lower propellant flow rates. In order to match anode
discharge potential to previous xenon measurements
(250 V), the flow rate was increased by 24% and the
current to the magnetic field was reduced to approxi-
mately half of xenon nominal. For the purposes of di-
agnostics development, the condition chosen for study
also consisted of the lowest discharge current oscilla-
tion case as determined by fixing the propellant flow
rate and varying the magnetic field. At this condi-
tion, the total anode current was only increased 15%
by this combination likely indicating lower ionization
efficiency.

Chamber pressure during thruster operation was
measured with a cold cathode ionization gauge and
is approximately 1 x 10~3 Pa, corrected for krypton
(using an Ny conversion to Kr multiplicative factor
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Table 5 Nominal thruster operating conditions.

Kr Anode Flow 10.5 sccm
Kr Cathode Flow | 1.0 sccm
Anode Potential 250 V
Anode Current 0.92 A
Keeper Current 0.5 A
Magnet Current 410 mA
Heater Current 3.0A

of 0.59%1). During thruster operation, the thruster pa-
rameters shown in Table 5 are monitored and recorded
at a 0.2 Hz data rate.

Laser and Optics
Upon selection of the Kr II 5d4D7/275p4P50/2 tran-

sition at 728.98 nm (AE = 13,713.989 cm™1) for fur-
ther examination, we purchased and took delivery of a
custom built +50 GHz tunable diode laser (Newport
Optics, New Focus Division) centered on the 5d*D- /2
5p4P5° /2 transition with a maximum of 25 mW output
power. This laser is a Littman—Metcalf external cav-
ity tunable diode laser capable of mode hop free tuning
across approximately 100 GHz tuning range at output
powers as high as 25 mW with a line width of less than
500 kHz.

Based on previous efforts,?? the laser, probe beam
launch optics, and fluorescence collection optics are
located on two optical tables placed about viewports
with optical access into the vacuum chamber as shown
in Fig. 4. On the primary optics table, the diode
laser beam first passes through a Faraday isolator to
eliminate laser feedback. The laser beam then passes
through a 10% wedged beam pick—off (PO) to pro-
vide beam diagnostics. The first of the two reflections
(each approximately 5% of incident power) is directed
onto a photodiode detector (D1) and provides con-
stant power feedback to the laser. The second pick—off
beam passes through a 300 MHz free spectral range,
high finesse Fabry—Perot etalon (F-P) that provides
frequency monitoring of the wavelength interval swept
during a laser scan.

The main laser beam is then chopped at 3 kHz by
a mechanical optical chopper for phase sensitive de-
tection. It is then divided into two equal components
by a 50:50 cube beam splitter (BS). The first compo-
nent passes through a krypton opto-galvanic cell and
is terminated by a beam dump. The opto-galvanic cell
current is capacitively coupled to a lock-in amplifier in
order to monitor the Kr IT 728.98 nm 5d4D7/275p4P5"/2
transition to provide a zero velocity reference.??

The probe beam is then directed via several mir-
rors and focused by a single lens to a sub-millimeter
beam waist within the chamber vacuum through a
glass vacuum viewport. The fluorescence collection
optics also shown in Fig. 4 collect the signal generated
at the beam waist. The fluorescence is collected by a

6

Fig. 4 Layout of Kr II laser-induced fluorescence
apparatus showing all relevant optical components,
portions of the vacuum chamber, and Hall effect
thruster thruster plume.

75 mm diameter, 300 mm focal length lens within the
chamber. The collimated signal is directed through a
window in the chamber side wall to a similar lens that
focuses the collected fluorescence onto the entrance slit
of 125 mm focal length monochrometer with a photo-
multiplier tube (PMT) detector. The PMT signal is
then analyzed using a second lock-in amplifier. The
spatial resolution of the measurements is determined
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Fig. 5 Near—field dimensions of the low power
laboratory Hall effect thruster with origin of the
coordinate system and positions of critical dimen-
sions and locations identified.

by the geometry of the spectrometer entrance slit (note
the 1:1 magnification of the collection optics).

Measurement Geometry

Within the vacuum chamber, the thruster is
mounted on a three axis orthogonal computer con-
trolled translation system, so that the sample volume
position may be shifted relative to the fluorescence col-
lection volume defined by the intersection of the probe
beam waist and the collection optics focus. Figure 5
shows the near—field geometry of the low power Hall ef-
fect thruster examined in this work.?? The locations of
the protruding central magnetic pole (nose cone) and
geometry of the acceleration channel are indicated as
is the position of the cathode exit. The cartesian coor-
dinate system and origin used in these measurements
is also shown. The coordinate system origin is 0.5 mm
beyond the tip of the nose cone due to the repeatability
with which this position may be located. All locations
are referenced to these Cartesian coordinates with the
indicated origin.

7

Measurements

Measurements in this work are limited to the Z —
Y plane shown in Fig. 5. Two sets of measurements
are presented. The first measurement set is a radial
survey of the axial ion velocities at the cathode plane
(Z = +13 mm) varying radially from near the cathode
(Y = —30 mm) to a congruent distance in the positive
axis (Y = +40 mm). This plume measurement set,
20 mm from the exit plane, provides insight into the
near—field plume evolution.

The second measurement set is along ¥ = +12 mm,
which corresponds to the center of the upper acceler-
ation channel. These axial velocity measurements are
between between Z = 0, the extent of the protrud-
ing central pole nose cone; and Z = —13 mm, the
furthest into the thruster that is optically accessible
with the collection optics shown in Fig. 4. This set
of measurements characterizes the acceleration within
the thruster into the near—plume region.

Determining how to present the experimental results
of LIF velocity measurements such as these can be
problematic. Since LIF measurements are noise lim-
ited, they are often times better suited to determining
the most probable velocity. This is defined as the peak
of the velocity distribution, easily determined by the
peak of the fluorescence trace. However in the skewed,
non-symmetric velocity distributions common to Hall
thrusters, the most probable (i.e. peak signal) and sta-
tistical mean velocities often differ. Furthermore, mul-
tiple peaks in the fluorescence distribution will occur
as various populations overlap with limited interaction
in the rarified plasma plume. We will therefore present
both analysis; peaks of the distribution due to their
singular values, and fluorescence traces for their close
approximation to the velocity distributions. No effort
shall be made to deconvolve the estimated lineshape
from these measurements to more closely determine
the velocity distribution at this time.'® Both represen-
tations of these data can provide important insights as
to the behavior of the plasma acceleration processes.

Cathode Plane Radial Cross—Section

Figure 6 shows the collected fluorescence at ¥ =
0, Z = —13 mm. At this location, we see very
good signal to noise ratios (SNR) and a distinct peak
shifted approximately 33 GHz from the stationary ref-
erence. This shift corresponds to an axial velocity of
17,800 m/s. Also interesting is a small peak with a
much smaller magnitude corresponding to a velocity of
approximately 500 m/s. Multiple peaks are not unique
to this position and have been seen in LIF measure-
ments in prior efforts.® 1% It is also difficult to ascribe a
singular velocity, or even several velocities, to a mea-
surement. Rather, it is necessary, even in a simple
lineshape like that shown in Fig. 6, to consider a con-
tinuous distribution of velocities.!®

Accepting that the (sometimes multiple) peaks from
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Fig. 7 Axial most probable velocities of all distinguishable peaks in each fluorescence trace at Y = 13 mm
(20 mm into plume from the exit plane at the geometrical cathode plane).

Fig. 6 Laser-induced fluorescence collected at Y =
13 mm, Z = 0 mm. Note the very small peak near
0 GHz and the main peak at 33 GHz detuning from
stationary line center.

the fluorescence distributions represent appropriate as-
sessments of the most probable velocities, we can find
the most probable velocities from peaks in the fluores-
cence traces. Figure 7 shows the velocities calculated
from the identifiable peaks in all the LIF traces in the
cathode plane radial cross—section measurement set.
As seen in Fig. 7, the plume structure evolves as one
departs from the Y =0, Z = —13 mm trace shown in
Fig. 6.

It is immediately evident that the influence of the
annular structure of the Hall effect thruster is visible in
the velocities identified in the plume in Fig. 7. This is
most obvious in the distinct apparent expansion of two
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plumes in the highest velocities from opposite sides of
the annular acceleration channel. The peak velocities
closely correspond to Y = +12 mm geometric center
of the annular acceleration channel.

In addition to the peak velocity previously dis-
cussed, there is a low velocity component in Fig. 7.
This low velocity component varies from approxi-
mately 500 m/s on centerline to a peak of 5 km/s at
Y = 415 mm, decreasing slightly at larger radii. We
believe that this feature represents a population of late
ionized and moderately accelerated ions. The low ve-
locities of this population near the centerline are likely
due to the protruding nose cone physically impeding
ion flux as well as the requisite annular geometry of the
Hall effect thruster. The abrupt change in the veloci-
ties at Y = —24 mm is due to the cathode ejecting a
population of low energy ions nearby. The slight nega-
tive velocities (ranging from —200 to —400 m/s) in this
region may be due to the cathode plume orientation
and the visible plume emanating from the cathode ori-
fice that visually appears to curve toward the anode.

As in Fig. 6, the relative magnitudes of the various
peaks can vary significantly. Figure 8 shows how the
lineshape with its multiple peaks evolves, starting on
the plume centerline and moving outward. On center-
line, the highest velocity peak dominates and the slow
peak is only evident upon very close examination as
in Fig. 6. The highest velocity peak dominates all the
subsequent measurements away from the plume cen-
terline with an peak velocity that reaches its maximum
at the geometric center of the annular acceleration
channel at ¥ = +12 mm as shown in Fig. 7. This
maximum signal peak which always corresponds to the
highest axial velocity, is believed to be due to the ions
from the nearest portion of the acceleration channel
for each measurement.
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Fig. 8 Evolution of Kr IT fluorescence lineshape
with distance from centerline. Note that all fluo-
rescence curves are normalized to peak value.

The near zero velocity peak seen in Fig. 8 increases
in velocity, and relative magnitude as the measure-
ments move away from the plume centerline. Inter-
estingly, the velocity reaches a maximum near the
annular acceleration channel geometric outer edge at
Y = £16 mm. This low velocity feature is believed
to be due to a late ionization population. This is sup-
ported by the broad population of ions between the
highest energy and the zero velocity that appears to
some extent in all the traces. Alternatively, there may
be some degree of collisionallity in the near—plume that
produces this effect.

A third peak appears in Fig. 8 at intermediate ve-
locities between the high and low velocity peaks. At
plume centerline, this peak appears to overlap the high
velocity peak. As measurements move away from the
plume centerline, the peak magnitude and velocity fall.
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Fig. 9 Most probable velocities as determined
from the peak of each fluorescence trace along ac-
celeration channel centerline (Y = 12 mm).

By Y = £16 mm, this feature is no longer distinguish-
able in the fluorescence traces. This peak appears to
be due to the flux of ions emanating from the oppo-
site side of the acceleration channel annulus from the
measurement. This appears consistent with close ex-
amination of Fig. 7 in comparison with Fig. 8 from
which much of this behavior becomes evident. For ex-
ample, the Y = 412 mm axial velocity of 20.8 km/s
can be compared to the axial velocity of this interme-
diate velocity peak at ¥ = —12 mm, 13.4 km/s. These
values match the expected component due to the 40°
angle between the measurement axis and the geomet-
rical distance from the exit plane (AY = 24 mm and
AZ =20 mm).

Acceleration within Thruster to Near-Plume

Figure 9 shows the most probable velocity mea-
sured at the acceleration channel center (Y = 12 mm)
between the tip of the nose cone (Z = 0) and the
deepest optical access (Z = —13 mm), 6 mm within
the thruster. In these data, we see a smooth increase
in velocity from near 0 m/s, deep within the thruster,
to approximately 20 km/s at Z = 0, which denotes
the furtherest axial extent of the nose cone. From
these data, we see that approximately 70% of the ac-
celeration occurs within the physical confines of the
thruster. However, significant acceleration also occurs
in the near—plume just outside the annular thruster
acceleration channel.

Similarly, Fig. 10 shows the variation of Kr II kinetic
energy as calculated from the peaks of the fluores-
cence traces. We deem this to be the most probable
ion kinetic energy. From these data, we see that
the majority of the energy deposition into the ionized
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Fig. 10 Most probable kinetic energies as deter-
mined from most probable velocities along acceler-
ation channel centerline (Y = 12 mm).

propellant is external. The ion energies are only ap-
proximately 80 eV at the exit plane and reach approx-
imately 175 eV by the axial extent of the nose cone.
Interestingly, the peak ion energy at ¥ = +12 mm
at Z = 13 mm is approximately 190 eV. Therefore,
this limited data set captures the majority of the axial
propellant energy deposition.

Using peak, or most probable ion kinetic energies,
also allows us to calculate the magnitudes of the ef-
fective electric field acting on the ions. As shown
on Fig. 10, this calculation is performed by fitting a
smoothing spline to these data and then differentiat-
ing. This produces an approximation of the effective
electric field accelerating the Kr IT propellant as shown
in Fig. 11. Here, the calculated effective electric field
peaks at 28 kV/m approximately 1 mm within the an-
nular acceleration channel. The electric field variation
is steepest within the interior and decreases more grad-
ually in the plume, paralleling the radial magnetic field
strength, which strongly influences plasma conductiv-
ity.

Figure 12 shows the raw fluorescence traces mapped
from frequency detuning to velocity space. These data
correspond to the velocities in Fig. 9 and span the
same spatial range. Please note that the relative ra-
tios of the signals are not directly comparable since
these data are scaled to unity area and not scaled be-
tween the traces. The value of this presentation is that
the raw fluorescence traces approximate the ion veloc-
ity distributions. Unity area normalization allows us
to illustrate the acceleration of these ions within each
sample irrespective of partial occlusion of the collec-
tion optics.
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Fig. 11 Effective electric field as calculated from
most probable kinetic energies along acceleration
channel centerline (Y = 12 mm).

Comparison of the various traces in Fig. 12 does
provide a qualitative understanding of the ionization
and acceleration process in this thruster. At the fur-
therest into the thruster that affords optical access
(Z = —13 mm), we see a very sharp peak with a small
positive velocity. Here, the ionization process is oc-
curring and substantial acceleration of the ions has
not yet occurred. The height of this peak drops sub-
stantially and the distribution broadens until approxi-
mately Z = —9 mm. In this region, we hypothesize
that the acceleration and ionization regions overlap
substantially. This is consistent with the traces in
Fig. 12 between Z = —13 mm and Z = —9 mm where
a continuum of stationary to accelerated ions is clearly
shown.

Interestingly, Z = —8 mm is also the peak of the cal-
culated effective electric field, and at this position, the
character of the velocity distributions (as character-
ized by the fluorescence traces in Fig. 12) changes. At
this position and further downstream, the main peak
continues to accelerate as shown in Fig. 8, and the
peak sharpens slightly, possibly due to small amount
of kinematic compression. However, the velocity dis-
tributions (as approximated by the raw fluorescence
traces) now develop a low level plateau between zero
velocity and the main peak. This plateau implies that
there is still some ionization occurring. However, it
appears that the primary ionization zone has passed,
and that only residual ionization is occurring in this
region. Obviously, these late stage ions will not recover
substantial portions of the applied acceleration poten-
tial and will continually lag the primary ion velocity
population.
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Beyond Z = —5 mm (2 mm outside the geometrical
channel exit plane), the apparent velocity distributions
in Fig. 8 retain a near constant peak with some net
acceleration. The low level plateau feature remains
constant implying the presence of some external ion-
ization. This is consistent with the Y = 12 mm trace
in Fig. 8 which shows a continuation of the behavior
out to Z = 13 mm.

Comparison to previous xenon ion LIF measure-
ments of the same thruster,?? indicate that these
krypton distributions are considerably narrower and
exhibit improved SNR. This could be due to a num-
ber of factors. For one, this data set was taken with
a minimized discharge oscillation for thruster opera-
tional stability. Previous LIF studies have shown that
the magnitude of the breathing mode oscillation is
correlated to the width of the velocity distributions.
Therefore, reducing discharge channel plasma turbu-
lence will likewise reduce the breadth of the VDF.”
Krypton operation also typically displays lower mag-
nitude breathing mode discharge oscillations,?* likely
due to differences in the electron mobility, perhaps
due to the lower mass, greater mobility of krypton.
As a result of most likely a combination of these fac-
tors, the krypton LIF traces in this study are typically
much sharper and exhibit higher SNR than many pre-
vious xenon LIF measurements. Future measurements
at conditions optimized for thruster performance may
yield results with optimized signals.

Conclusions and Future Work

We have presented the background research of the
Kr II 5d4D7/275p4P§/2 transition at 728.98 nm suit-
able for measuring the flow fields of a highly ionized
krypton plasma thruster using LIF. Our measurement
survey of the near—plume and acceleration channel ion
velocities has demonstrated that this optical transition
is suitable for diagnosis of Hall effect thruster plasmas,
as well as other rarified krypton plasma thrusters.

Beyond simply repeating LIF measurements already
performed on xenon Hall effect thrusters with krypton
propellants, there is a lure of increasing fundamen-
tal understanding of Hall effect plasma dynamics by
studying the differences between krypton and xenon
acceleration. For example, the effective electric field
in Fig. 11 is nearly identical to that of the nominal
case for xenon on the same thruster.?? However, the
nominal xenon case has a volumetric flow rate 30% less
and a magnetic field approximately 50% greater. In-
dividually, our previous study individually examined
xenon cases with 30% higher flow rate, approximately
equal to the atomic flux of the krypton case; as well as,
the case of a 25% reduction of the applied radial mag-
netic field. For the xenon measurements, both effects
substantially increased the effective magnetic field to
approximately 40 kV individually (approximately a
30% increase over the nominal case). Unfortunately,

Fig. 12 Scaled fluorescence lineshape illuminat-
ing the ionization and acceleration process within
the acceleration channel centerline (Y = +12 mm)
along the Z axis. Note that these data traces are
each scaled to unity area and that the exit plane is
at Z = —7 mm.

the effect of both operating parameter changes has
not yet been measured for xenon. Yet, it is inter-
esting that similar operational parameters on xenon
raise the effective electric field and that stable opera-
tion is only achieved with some difficulty on krypton at
a condition that results in an electric field so close to
the nominal xenon operating condition. It is obvious
that more fundamental comparisons need to be made
and that understanding both differences and similari-
ties will lead to better physics based understanding of
these devices.
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